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SUMMARY 
Even though des ign  of a turbine f o r  a turbo j e t  engine f o r  one par- 
ticular  operating  condition may result i n  excellent  operation a t  this 
single condition, satisfactory operation under a l l  the required condi- 
t ions is  not thereby guaranteed. One existing high-preseure-ratio, 
single-spool campressor is considered in  this   report ,  and there   are  
necessity f o r  driving this campressor under the following conditions: 
take-off, slaxlmum thrust a t  a l t i tude,   a l t i tude  cruis ing  a t   ra ted  rota-  
t i v e  speed, altitude cruising with -urn-thrust exhaust-nozzle area, 
and engine acceleration a t  80 percent equivalent design rotat ive speed. 
* determined the design requirements imposed on the  turbine by the 
The following results were obtained: The turbine design require- 
ments f o r  take-off, maximum thrust a t  al t i tude,  and cruising with . 
maximum-thrust exhaust-nozzle area w e r e  nearly identical. If the engine 
were t o  be cruised at  a l t i tude  a t  ra ted engine rotat ive speed, the min- 
imum permissible annular mea  a t   the   turbine exit and turbine  total-  
pressure  ratio were both considerably in excess of the values f o r  ta,ke- 
off and maximu t h rus t  a t  a l t i tude .  A t  80 percent of design-equivalent 
speed, no turbine i s  capable of driving the compressor under s t a t i c  con- 
ditions  within  the  surge  characteristics  established by compressar test 
unless some special accelerating feature i s  introduced i n t o  the  engine. 
If as much as 28.6 percent of the compressor air flow can be  bled from 
the comgressor exit, the turbine-design requirements t o  provide engine 
acceleration at 80 percent of design-equivalent speed are  within  the 
turbine-design requirements f o r  take-off, cruising, and msxium thrust  
a t  a l t i tude.  It was also concluded that if an engFne is t o  be cruised a t  
L rated engine rotat ive speed, the  turbine-design  requirements f o r  cruising 
may be  sufficiently  different from those f o r  other conditions of engine 
operation that both  the 
u sidered in  design. 
cru is ing  and take-off conditions should be con- 
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Wen though design of a turbine far a turbojet  engine  for one par- 
ticular  operating  conaitim may resu l t  in excellent operation a t  this 
single conation, satisfactory turbine aeroQmxLc perf,arplance under a l l  
the requjred conditions is not thereby guaranteed. For example, a tur-. 
bine designed fo r  tal%-off gay not p e r f a r m  sa t i s fac tor i ly  under the 
cruising conditions. The turbine aerodynamic performance under the 
cruising conditi,on may be m a t i s f a c t o r y  because either (1) a limit on- 
aeroaynamic loading i n  the rotor  prevents  the  turbine frgn driving the 
compressor a t  the desired rotative speed or (2)  even though the turbine 
w i l l  drive the coqres so r   a t   t he ,des i r ed  speed, the turbine efficiency 
i s  undesirably low. This limit on aerodynamic loading i s  reached a t  
high turbine pressure ratios) beyond this limit any further reduction i n  
turbine exit pressure will not affect the forces on the last row of 
rotor blades. A t  t h i s  lhit of.aeradynamic loading, an increase i n  tui- 
bine  presaure  ratio will not produce an increase i n  turbine equivalent 
work. Designing within tpis limit on aerbdynamic loading establishes a 
minimum permiseible annular area a t  'the turbine exit Fn &der that the 
turbine can drive the compressor a t  desired rotatlve speed. The sensi- 
t i v i t y  of turbine  efficiency  to changes i n  turbine operating conditions 
varies from turbine  to  turbine and depends i n  a large  part  Dn how closely 
in the turbine design, the flow conditimzs approach design limits. I n  
order that during the process of design ttbine designer can con- 
sider the various  required condLtions of engine .ope,ration and thereby 
insure satisfactory turbine performance under the resulting turbine 
operating conditions, .the turbine-design requirements for  these various 
conditions must f i r s t  be established. F " 
. .  . 
During the pracess of engine design, an engine operating condition 
for cruising m u s t  be selected. The selection- of ' a  mode of engine oper- 
at ion for cruising will affect the turbine-de,sign requirements for 
cruising. Choice of engine operating condition Par c r u i s i n g  should 
therefore incLude a cqnsideration o f  the extent to-which a variation  in 
this choice will affect the turbine-design requirements. Whether' or not 
a given  variation in  turbine-design  requirements. will have a c r i t i c a l  
effect  on turbine design is not apparent Withotit a-turbcne-design  stdy. 
" # 
The use a9 one existing high-pressure-ratio, single-spool compres- 
sor as part of a turbojet engine was investigated a t  the NACA Lewis 
laboratory and the turbine-design requirements for &iring this compres- 
sor as par t  of a turbojet engiA are. analyzed herein. The objective of 
this analysis is to   es tab l i sh   the  turbine-desi. requir&nts imposed.on 
a turbine by the necessity  for driving t h i s  campressor under the follow- 
ing five conditions: 
( 1) Take -off - . . . . ." . 
. .. .. 
tp 
N 
(3, -ar 
" - 
" 
- 
.. 
". 
(2) ~ a x ~ m w n  thrust a t  al t i tude .. . 
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I (3) Altitude cru is ing  a t  rated rotat ive speed 
(4) Altitude cruising with max.imum-thrust exhaust-nozzle &ea 
(5) Engine acceleration a t  80 percent design equivalent rotative 
speed, a speed a t  which compressor surge characteristics 
commonly limit acceleration 
N 
(D 
E n g i n e  acceleration was analyzed on  the  basis of bleeding air  from the 
compressor exit as  w e l l  a s  the normal engine qperation. The variation 
in  the  turbine-design  requ~ements i s  exgressed herein as a m i a t i o n  
i n  the following turbine-design parameters: turbine total-pressure 
rat io ,  blade-jet speed ra t io ,  and m"lmum permissible annular area a t  
the turbine exit. In addition t o  these turbine-design parameters, the 
var ia t ion   in   the  exhaust-nozzle area was also determined. 
The e f fec t  of the turbine-design requirements f o r  these operating 
conditions on the problem of turbine design is a topic t o  be treated in 
sasequent phases of t h i s  investigation. 
- 
For the   c r i t i ca l   s tudy  of an actual engine, selection of the oper- 
a t a  condition f o r  cruising w i l l  include a consideration of the oper- 
a t  the &sired thrust level..  F6"a-prellminary design study such as 
this one, the turbine-efficiency contours cannot be accurately forecastj 
therefore the exact  operating  condition  resulting  in minimum specific 
f u e l  consumption i s  currently not predictable. Because the operating 
condition  resulting in minbum spec i f ic   fue l  consumption will generally 
l i e  between the two cruis ing conditions which were selected, the turbine- 
design requirements f o r  mum spec i f ic   fue l  consumption will l i e  
between those determined f o r  the two selected cru is ing  conditions. 
. sting condition which results i n  the minimmum spec i f ic   fue l  consumption 
The compressor chosen for this study has high mass flaw per unit 
of frontal  area (25.8 lb/(sec)(sq f t ) ) ,  high overa l l   p ressure   ra t io  
(8.75), and low blade-tip speed (892 f t /sec)  . A severe turbine-design 
problem is therefore imposed. The over-all perforrmance characterist ics 
of this compressor axe presented in  reference 1. 
For a l l  operating conditions except engine acceleration, the mf.nimum 
pkrmissible annular area a t  the turbine exit was considered t o  be the 
area tha t  results i n  operation of the last rotor-blade row a t  i t s  load- 
ing limit; the nature of this loading limit is discussed in reference 2. 
For engine acceleration, the minimum permissible annular area a t   t he  
the exhaust-nozzle mea, whichever was larger.  For the entLre analysis, 
the  turbine  internal  efficiency was. assumed t o  be 0.85. . 
L turbine  exit  was taken equal t o  either the area f o r  limiting loading or 
m 
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SYMBOLS 
The foUowlng symbols are used i n  this report: 
trai3lng-edge  blockage, sin 
fraction of compressor a i r  flow bled a t  compressor exit 
rotative speed, percent design speed 
pressure (lb/sq f t )  
gas corn tan t  ( f t  -D/ ( ~ b )  ( O R )  ) 
blade spacing (5t) 
temperature ( O R )  
trailing-edge thickness (ft) 
weight flow (lb/sec) 
rotar-blade  exit angle measured f'rau djrectLon uf blade motion (deg) 
r a t io  of specific kats 
r a t i o  of pressure t o  2ll6 pounds per square foot 
r a t i o  temperature to 518.4' R 
t 
Subscripts : 
1 compressor i n l e t  - 
2 compressor exit 
3 turbine inlet 
4 turbine exit 
5 exhaust-nozzle exit 
Superscripts: 
total ,  OF stagnation, state 
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ANALYSIS 
U s i n g  the over-all conpressor characteristics presented in  refer-  
ence 1, a cycle analysis was made of equilibrium engine qperation. 
Assigned Conditions 
The following conditions w e r e  asslgned for the f ive  engine operat- 
ing conditions t o  be considered: 
Take-of f 
Percentage eqUiValent design rotat ive speed, N / m  . . . .  
Compressor pressure ra t io ,  p2 y/pll . . . . . . . . . . . . .  
Turbine-lslet  temperature, T3y, % . . . . . . . . . . . . .  
Flight Mach nmiber . . . . . . . . . . . . . . . . . . . . . .  
A l t i t u d e , f t . .  . . . . . . . . . . . . . . . . . . . . . . .  
Maximum t h r u s t  a t  a l t i t u d e  
Percentage design ro t a t ive  speed, IT . . . . . . . . . . . . .  
I Turbine-inlet  temperature, T3y, % . . . . . . . . . . . . .  
Flight Mach nuiber . . . . . . . . . . . . . . . . . . . . . .  
Altitude, f t  . . . . . . . . . . . . . . . . . . . . . . . . .  
Cruising thrust (0.64 of maxhum thrust), Ib . . . . . . . . .  
Altitude, f t  . . . . . . . . . . . . . . . . . . . . . . . . .  
% Altitude cruising a t  design rotative speed 
Flight Mach number . . . . . . . . . . . . . . . . . . . . . .  
Altitude  cruising  with maximum-thrust exhaust-nozzle area 
Cruising thrust, Ib . . . . . . . . . . . . . . . . . . . . .  
Flight Mach nuuiter . . . . . . . . . . . . . . . . . . . . . .  
Altitude, f t  . . . . . . . . . . . . . . . . . . . . . . . . .  
speed . . .  
Compressor pressure  ratio, p2 f/g1y . . . . . . . . . . . . .  
Engine accelerat ion  a t  80 percent equivalent design rotat ive 
100 
8.75 
2 160 
0 
0 
100 
2 160 
0.75 
359 000 
2310 
0.75 
35,000 
2310 
0.75 
35, OOO 
4.15 
Flight Mach  number . . . . . . . . . . . . . . . . . . . . . .  0 
Altitude, f t  . . . . . . . . . . . . . . . . . . . . . . . . .  0 
Assumed Conditions 
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Ramefficiency. . . . . . . . . . . . . . . . . . . . . . .  
Burner total-pressure r a t i o ,  p3'/p2 . . . . . . . . . . . .  
Ratio of specific heats in compressor, yI . . . . . . . . .  
TurbFne internal  efficiency . . . . . . . . . . . . . . . .  
Exhaust-nozzle efficiency . . . . . . . . . . . . . . . . .  
Ratio of specific heats in turbine,  y3 . . . . . . . . . .  
Gas constant in campressor, R l ,  f t - lb / (  lb) (%) . . . . . .  
Gas constant i n  turbine, R3, ft-lb/(lb) (%) . . . . . . .  
The turbine equivalent weight flow a was assumed t o  be 
89 
. 1.00 . 0.95 
. 0.85 . 0.96 . 1.40 . 1.33 . 53.34 . 53.40 
constant j 
.. 
- 
rn 
(D 
d 
hl 
. .  
t h i s  implies that the turbine stator is chokea for  all conditions ana- 
lyzed. The a i r  flow through the compressor was assumed equal t o  the gas 
flow through the turbine except for the case of engine acceleration with 
compressor-exit  bleed. 
.2 
I 
Canpressor Characteristics 
For the region of greatest   interest  cm the.compressor map (over 
85 percent of equivalent design speed) onJy one speed l ine  was experi- 
mentally  determined i n  reference 1. In order t o  provide t h i t i o n a l  .I 
lines, the data of reference 1 were cross-plotted as the variation in  
choking weight flow w i t h  speed. The choking flow W&B then read from 
this  plot   for  equivahnt speeds o f  .90, 95, , a n d  108 percent of equivalent 
design speed. (For f u g h t  conditions a t  a,n altitude of 35,000 f t  and 
Mach n W e r  of 0.75, design rotative- speed is 108.percent of equivalent- 
design  speed.) These choking weight flows were used to  locate  the max- - 
imum flow for the additional speed l ines  in; -.figure 1, and-the remaining 
portions of the speed w s  and efficiency contours w e r e  fa i red  in  by 
judgment. A t  108. percent of equivalent &sign &ked, the -surge- Unit 
was assumed t o  l i e  outside the operating range t o  be analyzed. 
" 
.. "
--- 
* 
" 
. .  . .  
." .. . "  
Engine Operation on Compressor Map 
The assumption that the compressor a i r  flow equals the turbine gas 
flow permits the follming equation to be written: 
( 1) 
w e  3 p3 ' 
where and. -I are  both assumed t e  be  constant.. Far a given." 
f l i gh t  condition, TI' i s  constant. Thus, fo r  each of the  five  engine. 
operating conditions t o  be analyzed., l ines of constant turbine-Inlet 
temperature T3' on the compressor m@.g a,rer.straight and pass through the 
origin. 
- .. 
. .  
63 ' p2 
. . "  
r 
., . 
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Two constant turbine-inlet temperature Phes are plot ted on the 
compressor map in figure 2 f o r  engine operation under s ta t ic   sea- level  
conditions. The value of the turbine equivalent weight flow 
was so selected that the 2160° R l ine passes though  the  operating  point 
specified for take-off, namely, LOO percent of equi'valent design speed 
and a campressor pressure r a t i o  of 8.75. For this equivalent turbine 
w e i g h t  flow, the turbine-Lnlet temperature under the specified condi- 
t ions f o r  engine acceleration (80 percent of equivalent design speed and 
a coxqreesor pressure r a t i o  of 4.15) without campressor-exit bleed is 
U 0 O o  R. The take-off and engine-acceleration conditions are represented 
in this figure  by two dots. 
w3< 
63 
Lines of constant turbine-inlet temperature T3'  are superisrposed 
on the compressor map i n  figure 3 f o r  engine operation under the assigned 
a l t i tude  and flight Mach number; these  lines were also drawn i n  accord- 
ance with equation (1). The three dots on this map represent the f o l -  
laring engine operating conditions: maximum tbrust at  al t i tude,  a l t i tude 
cruising a t  design  rotative speed, and altitude cruising  with max3mum- 
th rus t  exhaust-nozzle area. 
L M t i n g  B l a d e  Loading and m m  Permissible Annular Area 
a t  Turbine E x i t  
A s  stated in the m O D U C T I O N ,  the mu permissible annular area 
a t  the turbine  exit  is  considered to  be  the  annular  area result- i n  
operation of the last rotor-blade row a t  i ts  loading UmLt f o r  a l l  cases 
of engine aperation analyzed except f o r  englne acceleration under static 
sea-level conditions .. The mechanism of limlting blade loading is dis- 
cussed and analyzed in reference 2. The manner in which "Ling blade 
loading  affects  engine  operation and turbine  design  ray be summFlrized 
as follows: 
The problem of decreasing the tbrust of a turbojet  engine from i ts  
maximLmr value while maintaining the engine ro ta t ive  speed constant is  
considered. In order t o  decrease engine thrust, the f u e l  flow ca.n be 
adjusted t o  reduce the turbine-inlet temperature. The turbine t o t a l -  
pressure  ratio must be increasedby opening the exhaust nozzle t o  
prevent the engine rotative speed from decreasing. Increasing the 
exhaust-nozzle area raises the a d a l  Mach number i n  the annulus a t   t h e  
turbine exit. Whenever the engine t h r u s t  is continually decreased by 
Continually decreasing turbine-inlet temgerature and increasing exhaust- 
nozzle mea, an engine operating condition i s  eventually reached beyond 
which any further  reduction in turbine-inlet  temgerature will pr&uce a 
8 - NACA KM E5ZAl6 
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decrease i n  engine rotative speed despite any increase i n  the exhaust- 
nozzle area. This phenomenon occurs even if the ram pressure ratio i s  
suff ic ient ly  high BO as t a  maintain choking of the exhaust nozzle and i s  
herein  referred  to  as "linliting blade loading". 
Limiting blade loading, as investigated and evaluated in refer- 
ence 2, a-ppltes t o  blade raws having interblade channels that converge t o  
a throat and have no divergence after the throat. T h i s  configurationle 
typical  of turbine  bladhg. Although the  limitation on blade loading 0) 
can be increased beyond the Umit in  reference 2 by employing channel6 u) * 
that diverge  as well as  converge, t h i s  is generally  not  desirable i n  N 
aircraft gas turbines. For this reason, the blade loading limit ana- 
lyzed i n  reference 2 . i s  employed i n  this analysis. 
- .. 
. -  
.. 
The resu l t s  of the analysis i n  reference 2 were applied in order t o  
determine the flow conditions downstream of the last rotor-blade row at  
the point of limiting loading. Between the throat i n  the rotor-bhde 
passage and a s ta t ion  StoEmstream of the   ro tor   a t  which the flow condi- 
t ions are uniform, the flow was assumed t o  be isentropic. The axial 
Mach number a t  which. limiting loading occurs i s  sham i n  figure 4 for  
two values of trailing-edge blockage, which i s  defined as follows: 
Fo% blade-exit angles typical of rotor  blades, tha t  is, between 30' and 
60°, and trailing-edge blockage from 0 .Os. t o  0.10, . the ax-1 Mach nuniber 
has only small variations with blade-exit angle. For the purposes of 
this analysis, limiting blade loading was assumed t o  occur with an ex i t  
axialMa.ch number  of 0.70, For.those opergt&ng conditions that resu l t  
i n  both a supercritical pressure'ratlo acruss the exhaust nozzle and 
close t o  zero whirl a t  the  turbine  exit,  the minimum permissible annular 
area a t  the turbine exit its directly  prapurtional  to  the exhaust-nozzle 
area; within the.conditians assumed for this analysis, the minimum per- 
missible annular area a t  the turbine exit. i s  6,7 percent larger than the 
exhaust-nozzle are8 if the exhaust nozzle 1s choked. 
. .~ 
. -. 
. -  
. " 
. .  
"
" 
Engine Accelemticm .. " 
Engine operation near the "knee" of tbe surge line in figure 2, that 
is, near 80 percent of equivalent design speed, very likely constitutes 
a cri t ical  condition for Engine accelerat ion.  Severel . .y ia t ions in  the 
engine may be considered t o  improve the r a t e  of ncceleratlon i f  a aatis" 
factory  ra te  of acceleration is not obtainable with a fixed-geometry 
turbine and a wSde-upen exhaustnozzle: . - 
.- . - - 
. .. 
(1) Change the loading distribution among the stages in the ccmpres- 
sor and thereby change the compressor perfor&nce and the shape of the- " 
surge  line . . . . . . . 
1 "" -
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- (2)  Bleed a i r   t   t h e  compressor exit 
(3) Bleed a i r  from the compressor a t  a point midway along i t s  
length 
(4) Provide turbine-stator adjustment (See reference 3. ) 
O f  these methods of increasing the rate of acceleration only bleeding 
a i r   a t   t h e  compressor exi t  is analyzed. 
For englne acceleration under the two conditions of operation, that 
is, with and wtthout cumgrekr-exi t  bleed, the  turbine  pressure  ratio 
r e q e e d  t o  drive  the caoq?ressor was determined and using this ratio 
the required eaaust-nozzle area was then computed. The compressor- 
surge  characteristics  are assumed t o  be those shown in figure 1 although 
the compressor characterist ics in figure 1 were determined by component 
test. 
For campressor-exit bleed, equation (1) was modified t o  read 
For engine acceleration without cqressor-exit bleed, k is, of 
course,  z ro and T3' is U 0 O o  R. By simultaneously k and 
T3' i n  this equation, a l l  other terms in  the equation may be mintained 
constant. Englne acceleratios was analyzed using 
(1-k)2 T31 P llooo R ( 4) 
For the single value of compressor-exit bleed cansidered i n  this analysis, 
t h e  t u r b i n e - i n l e t  m e r a t u r e  T31 was assigned the value of 2L6Oo R; 
for this condition, k equals 0.286 in order' t o  &a%isfy equation (4) .  
By varying k and Tgl. in accordance WLth equation (4), the operating 
point in figure 2 f o r  engine acceleration a t  U0Qo R with no compressor- 
exit  bleed  'also  represents  the  operating point wrth a  turbine-inlet 
temperature of 2160° R and a k of 0.286. 
The results of the analysis of engtne operation a t   a l t i t ude   a r e  
presented in figure 5. These curves represent all  practicable operat-  
ing points; that is, a l l  practicable colnbinations of %@bine-inlet tem- 
perature, engine  speed, and exhust-nozzle area. The variation in 
engine thrust, turbine blade-jet speed ratio, turbine total-pressure 
10 NACA RM E5ZA16 
rat io ,  minimum permissible area st the t u r b 9  exit, and exhust-nozzle 
area with percent of design-equivalent speed and.-turbine-inlet t o t a l  
temperature are shown. The maximum thrust  for these fl ight conditions 
i s  3600 pounds. The characterist ics i n  figure 5 hakbeen  r ep lo t t ed  in  
figure 6 la order t o  show the  vaziation Fp .- .turbine parkueters between 
cruising and maximum thrust  f o r t h e  two types of cruising operation 
selected  earlier.  . .  
The values of tbe turbine-parameters and th. exhaust-nozzle area 
for the five conditions of engine operation y e  listed in  table I along 
with sone campressor and engine parameters. The turbine total-pressure 
ratio,  blade-jet speed rat io ,  and minimum permissible annular area a t  
the turbine exit have only minor vas.iations between take-off, -mu . 
thrust a t  altitude, and altitude cruising with xnaxzhum-thrust exhaust- 
nozzle area. In  contrast with these three conditions of operation, the 
turbine  total-pressure  ratio and rnqnilrmm permissible annular area at 
the  turbine exit are mrkedly increased for alt i tude  cruising a t  ra ted 
engine speed3 the blade-jet speed r a t i o  increases t o  a smaller extent. 
In order t o  produce maximm thrust  a t  altitude, the exhaust-nozzle are& 
varies only slightly from the area required for take-ofY3 this small 
variation in  exhaust-nozzle area also applies, of course, t o   a l t i t u d e  
cruising with maximum-thrust exhaust-nozzle area. I n  contrast with 
t h i s  phenomenon, the exhaust-nozzle axe& m u s t  be increased by 21 gercent 
i n  order t o  cruise a t  altitude a t  rated rotat ive speed. 
For equilibrium operation of the engine a t  80 percent of equivalent 
design speed without compressor-exit bleed, a turbine total-pressure 
r a t i o  of -4.45 is required (table I) if the turbine is t o  produce enough 
power to   dr ive  the campressor, whereas the compressor total-pressure 
r a t i o  I s  only 4.15. For this reason, no tmbine cas drive the compres- 
sor under normal conditims (ram pressure ratio = 1) a t  80 percent 
equtvalent design speed without some auxiliary  start ing device. 
On the other hand, if the turbine-inlet tpsrperature is increased 
t o  2160° R, 28.6 percent of the compressor a i r  flow m u s t  be bled aff a t  
the carpressor exit i n  order t o  malntain the compressor pressure ratio 
a t  a value of 4.15. The flow area theoretically required to bleed off 
28.6 percent of the air  a t  the compressor exit is 27.3 square inches. 
With the engine operating under t h i s  condition, the turbine total- 
pressure  ratio is  reduced t o  2.73, w e l l  within  the compressor to ta l -  
pressure ratio of 4.25. For the exhaust nozzle, a total -s ta t ic  pres-  
sure r a t i o  p4I/p5 of 1.44 is available for exgelling the exhaust gas 
f romthe engine. For this pressure ratio the exhaust-nozzle area i s  
311 square inches, wel below the exhaust-nozzle area for %&+off. 
Thus, with compressar-exit bleed the turbine is capable of driving the 
compressor under equilibrium operation (no acceleration) . 
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a However, rapid  acceleration is  desired. An estimate was made of 
the turbine-work output with the exhaust-nozzle area increased above 
the  311-square-inch area required for equilibrium operation. With the 
exhaust-nozzle area increased t o   t h e  take-off value of 359 square inches, 
the turbine-puwer output increases by 3.5 percent over the coqressor- 
power requirement. In order to obtain a 10-percent excess of  power, 
the  exhaust-nozzle area m u s t  be inc-reased t o  420 square inches, a 
17-percent increase over the take-off value. The entire amount  of these 
excesses of turbine power w i l l  very  l ikely  be  difficult   to  obtain i n  
practice  because  the  turbine internal efficiency may not be as high as 
the  assumed value of 0.85; the turbine w i l l  be operating a t  a consider- 
able  distance from i t s  design point, having both  pressure  ratio and 
blade-jet speed r a t i o  less than the design values (see table I). The 
computed excess of turbine power over conrpressor power i s  a hedge 
against low turbine.  efficiency. 
DISCUSSION OF RESULTS 
The mode of engine operation selkcted for cruising has a promFnent 
effect  on the turbine-design requirements (table I). If the engine is  
t o  be cruised at   a l t i tude  with  the maximum-thrust exhaust-nozzle area, 
the turbine-design requirements f o r  take-off, cruising, and maximum 
thrust a t  a l t i tude  are almost identical. A turbine designed for one ,of 
these three operating conditions should therefore perform sa t i s fac tor i ly  
under the other two conditions. On the other hand, if the engine i s  t o  
be cruised a t  a l t i tude  at  rated engine speed, the turbine pressure  ratio 
and mhtimm permissible annular area a t  the  turhlne exit for  cruising 
are both considerably greater than the take-off values, The necessity 
f o r  a large exit aniular area complicates %he problem of obtaining a 
satisfactory  turbine  design wtthin a given number of turbine  stages 
which has sat isfactory performance under the take-off and madum- 
thrust-at-altitude conditions because with a large annular mea the 
designer may have d i f f icu l ty  staylng within the employed limits on Ir’jch 
number, turning, and static-pressure changej even if these limits are 
not exceeded, the design becomes more c r i t i c a l  in  this regard. bespite 
the increase Fn blade-jet speed r a t i o  between take-off and cruising a t  
rated engine speed, operatLon of a given turbine a t  the higher turbine 
pressure r a t i o  may increase the  leaving loss associated  with  tangential 
velocity a t  the turbine exitj avaiiling this loss at cruising w h i l e  
m a i n t a i n i n g  a given nuuiber of turbine stages w i l l  require a turbine 
design having less reaction a t  the conditions of t a k - o f f  and maximum 
thrust  a t  a l t i t u d e .  These aerodynamic design problems can,  of course, 
- be considerably sing?lifLed by Fncorporating  additional  turbine  stages 
i n  the design. 
- 
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Frau these results,  it can be concluded thaf, if this engine is t o  
be cruised. a t  rated engine rotative speed, the turbine-design require- 
ments for cruising. are sufficiently different from those for other CM- 
dit ions of engine operation "that both the cruisi% and take-off condi- 
t ions should be conslder&.in deaign. 
Altitude cruising at  rated engine speed may also  introduce problems 
associated with afterburner design because the afterburner-entrance . _ _  
velocity w i l l  have fairly wide variations between the  maximm-thrust  and 
cruising conditions of operation. Under the cruising condition, the 
turbine-exit  axial Mach number will probably  be Gar the -iiraiting value- 
of 0.70. I n  order .that inor&Lw.te friction pressure losses will not 
OCCUT i n  the afterburner under cruising conditians, the internal aero- 
dynamic characterist ics of the afterburner m u s t  be such that without 
burning i n  the aftierburner only small losses i n  pressure are obtained 
a t  entrance Mach numbers as high a6 0.70, 
An exact  determinatian of - the turbine.-design  requLrments for 
engine acceleration is d i f f i cu l t  to mke for two reasons: 
(1) The compressor surge characteristics wlth the compressor as 
pa r t  of the  engine-will  probably  be  aiffeeat fram. those determined by 
c q r e s s o r  test. 
( 2 )  The turbine.efficiency cannot be accurately predicted a t  t h i s  
off -design point. 
On t h e  basis of the resu l t s  of this a n o l y s i s , . - t ~ . b i 8 e - d e s i ~  requ i r e -  ._ - 
ments for engine accaleratlon itre within the t;urbirg!-desigfl require- . ~ - -  
merits f o r  take-off, maximum thrust at.altitude, and cruising at, 
E 1. t, i Lurk . 
The problem associated with designing a turbine f o r  several condi- 
t ions of jet-engine operation was investigated by determining the  
design requirements for a turbine t o  drive a particular high-pressure--.. 
ra t io ,  s ingle-qool  :ompressor for f ive  conditions of engine operation-: 
An evaluation of the- effect  of these design requirements on turbine . -  
design requires a turbine-design .study, which is beyond the scope of 
th i s  repor t .  The following results were-obtained: 
1. The turbine-design requ-ements-for take-off, maximum thrust a t  
alt i tude,  and cruising with maxlnum-thrust exhaust-nozzle area were 
nearly identical. .. - . . . . . - . . - . . . . . . .. . .. . 
2 .- If the engine was t o  be cruised a t  altitule a t   r a t ed  engine 
rotat ive speed, the Irrf3lfmum permissible annular a rea   a t  the tu rb ine  ex i t  
an4 turbine total-preksure r a t io  were both considerably i n  excesB of the 
. .  - . values for take-off and &-imlrml bhruS-t at -tilti€ui€e..- . " 
f 
" 
. -. . . " - 
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- 3. A t  80 percent of design  equivalent speed, no turbine was  capable 
of driving the compressor under static conditions within the surge 
characteristics established by compressor test unless some special  
accelerating  feature was introduced into the engine. 
4. If as much as 28.6 percent of the compressor air flow cam be 
bled from the conpressor exit, the turbine-design requirements t o  pro- 
vide engine acceleration a t  80 percent of design equivalent speed w e r e  
within the turbine-design requirements for take-off, cruising, and max- 
imm thrust a t  altitude. N % co 
CONCLUSION 
If an engine if3 t o  be c ru i sed  a t  rated engine rotat ive speed, the 
turbine-design  requirements f o r  cruising may be suTficiently  different 
from those for other conditions of engine operation that both the , 
cruising and take-off conditions should be considered i n  turbine design. 
Lewis Fllght Propulsion Laboratory 
Cleveland, Ohio 
National Advisory Committee f o r  Aeronautics 
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IWBLE I - ICUKBINE AND E3GlIB P m  FCW FIVE O P E R A m  C0M)ITIOW 
Turbine total- 
Blade-  jet  
ltLnhlm exit 
pressure  ratio 
speed ra t io  
armular area 
( s q  in.) 
Turbine-inlet 
temperature, ( q l  
Compressor total- 
pressure  ratio 
Percentage design 
speed 
Percentage equiv- 
alent design 
speed 
mus t -nozz le  
area (sq in.) 
Cqpressor-inlet 
temperature, (OR 
E.ngine thrust, ('lb) 
&e- o& 
3.42 
0.318 
383 
2160 
8.75 
100 
lOa 
I 
I 
! 
,359: 
. .  
516.4 
LO360 
mimum 
thrust a t  
altitudeb 
3.33 
(2.320 
373 
2160 
10.07 
100 
108 
350 
437.9 
3600 
Rltitude cruising 
with IIlaxirmrm- 
thrust exhaust- 
nozzle areab 
3.30 
0.3l.l 
373 
1690 
7.72 
86.6 
I 
93.5 ! 
! 
350 ~ 
437.9 
! 
2310 ~ 
Altitude c r u i s i n g  
a t  rated. rotative 
spee& 
4.24 
0.340 
460 
162 0 
8.74 
100 
108 
433 
437.9 
m a  
t 
! 
! %-off and engine acceleration were under s ta t ic  sea level conditions. 
4.45 
0.328 
""- 
ll00 
4.35 
80 
8q 
, ""_ 
518.4 ""- 
ngineacceleratior 
at  80 percent 
equivalent design 
speeda 
I 
- 
Bleed 
2.73 
0.277 
314 
28.69 
2x0 
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""_ 
i bAltitude operation was at  an altitude of 35,000 feet and flight Mach number of 0.75. E 
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Figure 2. -.Compressor map with  lines of canstant turbine-inlet  temperature. 
Plight Mach number, 0; altitude, 0; no ccrmgreseor-exit  bleed. -
3w 
L 
mACA RM E52A16 - 
u . a  
10.0 
9.0 
0.0 
7.0 
6.0 
5.0 
4.0 
3.0 
2.0 
1.0 L 
17 
60 00 1w 120 140 160 180 
Equivalent  weight flav, y1 - JBl', lb/sec 
81' 
Figure 3. - Ccmpreaeor rap with linea of constant turbine-inlet temperature. 
Flight bkch nlrmber, 0.751 altitude, 35,000 feet. , 
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Figure 4 .  - Varia t ion  i n   ex i t   ax i a l  h c h  number with rotor-blade- 
exit  angle and trailing-edge blockage for turbine  blades  at 
limiting loading. Ratio of specific heats, y, 1.40. 
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